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research was directed by Professors A. G. Altschaeffl and C. W. Lovell,
Jr., and was used by Mr. Highter for his MSCE thesis.
The practical motivation for this study was the feasibility of
increased cold weather earthwork in Indiana. The compaction and strength
behavior of a single sandy clay was studied over a temperature range of
35°F to 85°F. It was found that low temperature compaction had about
the same effect as reducing the compactive effort, i.e., the maximum unit
weight was decreased and the optimum water content was increased. The as-
compacted strength and stiffness were also reduced. On the other hand,
when the soil was compacted to the same density, warm and cold, the colder
soil was both stronger and stiffer. While the experimental results are
limited, it appears that by slightly increasing the compactive effort,
cold (but unfrozen) clayey soils may be compacted to produce satisfactory
subgrades and embankments
.
Further study is scheduled for the future.
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ABSTRACT
Highter, William H. , MSCE, Purdue University, August, 1969.
Temperature Effects on the Compaction and Strength Behavior of a Clay .
Major Professors: A. G. Altschaeffl and C. W. Lovell, Jr.
The effects of temperature in the 35°F to 85°F range on the compac-
tion and strength characteristics of a kaolinitic clay soil have been re-
viewed. The clay was compacted with a Harvard miniature device and un-
confined compression tests were carried out.
The laboratory program was based on a statistical experimental design
and the data procured from the experiments were analyzed using the statis-
tical analysis of variance method.
Compaction effort, water content, and compaction temperature were
found to have significant effects on the dry density variable. In addi-
tion to these three factors, the temperature at the time of undrained
strength determination has a statistically significant effect on the un-
drained strength variable.
It is believed that temperatures affect the compaction process and
the strength characteristics of the compacted soil by means of two me-
chanisms. First, the temperature at which the soil is compacted in-
fluences the structure of the compacted soil. Secondly, the temperature
at which the undrained strength is tested affects the soil pore pressure.
It was found that the strength of soil tested at the same tempera-
ture but compacted at different temperatures increased with increasing
compaction temperature. For soil compacted at the same temperature,
the undrained strength increased with decreasing test temperature.
It appears that the detrimental effects of low temperature compac-
tion may be overcome by using a larger compaction energy.
INTRODUCTION
Present-day construction practice generally provides for the place-
ment of soil in highway subgrades, embankments and backfills during non-
freezing weather. An extension of the construction season into all but
the coldest days of winter could produce Benefits to the general public,
the contractor, and the state highway agency. For northern Indiana,
Lovell and Osbornefl] showed that cold weather earthwork is economi-
cally feasible provided the construction project is of sufficient size
to include a variety of operations. Assuming the validity of the feasi-
bility study, other questions must be answered before a decision regard-
ing the practicality of such cold weather earthwork in a particular
geographic location can be made.
During the cold season in northern Indiana, the in-situ soil be-
neath a frozen crust is at a low temperature and is probably at a rela-
tively high water content. The frozen crust may vary from a few inches
up to five feet thick [2J, but it is the underlying cold, but unfrozen,
soil that would be utilized for earthwork operations.
An examination of the results of cold weather earthwork is needec
to establish the influence of the cold temperature at the time of com-
paction on the subsequent behavior of the constructed soil facility.
Some evidence [3,^,5] exists that lower temperatures at the time of
refers to entries in the Bibliography, page 67.
compaction are associated with smaller maximum dry densities and larger
optimum water contents. Other evidence
[ 6, lo] cuggests that the strei
of the compacted soil is mostly dependent on the temperature at which
the soil is tested. However, the lack of conclusive data on the i:
ence of cold weather compaction on the resulting behavior of the com-
pacted soil prevents a critical technical appraisal of the practicality
of such operations. It is obvious that such data must first be obtained
before an evaluation can be made of the additional design and construc-
tion considerations necessitated by cold-weather earthwork.
This research intends to fill one gap in the general area of know-
ledge of temperature effects on compacted soil behavior. It addresses
itself to the effects caused by temperature on both compaction and the
undrained strength of a compacted clay soil: Does low temperature
compaction produce a difference in the strength characteristics, when
compared with more conventional, warmer construction temperatures?;
Is there a difference in strength characteristics produced by low temp-
erature at the time of testing, regardless of the compaction temperature':
The significance of any differences noted is also examined.
The work reported here is an experimental laboratory study wl
is statistically founded, both in design and analysis. The results of
the research are intended as a guide to which temperature variable, and
which compaction variable (among those selected for study} has the
most influence upon the resulting strength behavior of the compacted
product. While the results will answer only a few of the mass of the
technical questions on the subject, it is hoped they will indicate
the important variables upon which future effort should be concentrated
This research is, then, a part of a larger effort, the technical
practicality of cold-weather earthwork.
REVIEW OF THE LITERATURE
Temperature Effects on the Compaction Moisture-Density Relation
Temperature has been recognized as a factor to be considered when
compacting soils since at least the work of Hogentogler and Willis (1936)
[3]. From tests on three clayey soils, they showed an increase in the
maximum dry density and a decrease in optimum water content with increas-
ing temperature at the time of compaction over a temperature range of
35 F to 115 F. They also found that "stability" (as measured by resis-
tance to penetration of the Proctor plasticity needle) increased with de-
creasing temperature over a range of 125 F to 35 F and decreased with
increasing temperature over this same range. They explained these ob-
servations in terms of the dependence of the viscosity of bulk water on
p
temperature . This viscosity-temperature relation supposedly produced a
decrease in the effective capability of the water to "lubricate" as tem-
perature decreased.
Youssef et al. [9] showed that the optimum moisture content of a
soil compacted at the standard Proctor compaction effort increased with
decreasing temperature over a temperature range of 55 F to 95 F. The
relation was commensurate with the change in bulk water viscosity with
temperature. Accordingly, they concluded that the viscosity of the water
controlled the magnitude of the optimum water content. The assumption
that the effective viscosity of the soil water may be represented by
1. Limited to values of natural occurrence and excluding freezing of
soil water.
2. This relationship is available in any number of references, such s
the "Handbook of Chemistry and Physics".
values for bulk water is likely a gross one.
Burmister [h] cited a case history which showed that increasing the
compaction temperature from 35°F to 65°F resulted in an increase in maxi-
mum dry density and a decrease in optimum water content for the modified
Proctor compaction effort. He reported a greater increase in maximum
dry density with increasing compaction temperature for soils with a
smaller gravel content than for those with a greater gravel content.
Additional data published by Burmister (5) also indicated a decrease of
maximum dry density and an increase in optimum water content as the
temperature at the time of compaction was lowered from 65°F to 35 C F.
Limited work by Osborne [10], however, showed no systematic temp-
erature effect in the compaction of two typical Indiana soils for a
ranee of temperature of 35°F to 130°F.
Laguros [6] used a Harvard miniature compaction device and observed
generally higher densities with increasing temperature for four soils.
The maximum increase of density over a temperature ranee of 35°F to
105°F was 1 pcf: for an illitic soil the density at 35°F was 0.2 pcf
higher than that for 105°F. Laguros ' data may not show a statistically
significant difference between densities over this temperature range if
errors inherent to the compaction procedure are considered.
Johnson and Sallberg [ll], in a summary of the work of others,
noted that temnerature is a factor that can significantly influence
compacted soil unit weight. They reported (for identical compaction
procedures) an increase of 3 pcf in maximum dry density with an increase
in temperature from just above freezing to 75°F. For fine-grained soils
Belcher [12] reported an increase of 11 pcf in maximum dry density over
this temperature range.
There is general agreement that as the temperature at the time of
compaction is increased, the maximum dry density increases and the opti-
mum water content decreases. The dry density variable has been included
in this research so that such interactions as compaction effort, molding
water content and compaction temDerature can be considered. Such inter-
actions of independent factors are best analyzed statistically and this
experiment has been designed accordingly.
The Effect of Temperature on Soil Strength
Using the Gouy-Chapman Colloid theory as a model, Lambe [13] pre-
dicted that a decrease in temperature would expand the double layer and
decrease the strength of a clay at a given density. Implicit in this
prediction is the assumption that an increase in dielectric constant is
the dominant effect of a temperature decrease. Such a prediction is com-
plicated by the uncertainty as to appropriate values for the dielectric
constant of soil water and the dependence of these values on temperature.
Mitchell [lU] applied a refined analysis to verify the accepted belief
that an increase in temperature at constant dielectric expands the double
layer thickness. But if the dielectric constant were given the tempera-
ture dependency of pure water, the double layer repulsions were unchanged
over a temperature range of 0°C to 100°C.
Laguros [6] found an increase of shear strength with increasing tem-
perature for four clays compacted in a Harvard miniature apparatus and
tested in unconfined compression. However, he compacted his soil at the
same temperature at which the strength determination was to be made.
Accordingly, the samples compacted at higher temperatures generally ex-
hibited higher dry densities than those compacted at lower temperatures.
Therefore, the effect of temperature at the time of compaction may have
outweighed the effect of temperature at the time of strength determina-
tion. In any event, an additional factor, dry density, must be con-
sidered when reviewing such results.
Campanella and Mitchell [15] showed that soil pore water pressure
increases are induced in saturated clays under constant total stress
when the temperature is increased, i.e., effective stresses were de-
creased with increasing temperature. Conversely, decreases in tempera-
ture reduced the pore pressure, and increased the effective stress.
Mitchell [l6] reported that the shearing resistance for saturated
San Francisco Bay mud was lower for higher testing temperatures. The
higher testing temperatures were also found to produce higher pore pres-
sures (lower effective stress) at all strains during undrained shear.
This served to substantiate his equation for shearing resistance of soils
(derived from rate process concepts) that included terms for temperature
effects.
Youssef et al. [9] showed that both the liquid limit and the plastic
limit increased with decreasing testing temperature. Both of these
Atterberg Limits are, in a general way, measures of "strength". While
all soils have the same low remolded strength at the liquid limit, the
increase in water content required to reach this low strength implies
that the soil is stronger at the lower temperature. The plastic limit
marks the water content delimiting brittle and plastic response of the
remolded soil. Thus the increase in water content required to reach the
plastic limit implies at least a stiffening due to the lower temperature.
Lambe [8] reported that samples compacted at lower temperatures have
higher (less negative) residual pore pressures than do samples compacted
warmer (by the same compaction procedure and at the same moisture con-
tent). He reasoned that the cold soil has a thicker double layer due to
an increased net repulsive pressure (R - A). Such a state of affairs
would lead to a more dispersed compacted structure. Samples compacted
to the same density at different temperatures would have different
strengths when tested at the compaction temperatures. The dispersed
structure produced at the lower temperature should produce a lower
strength [13].
Lambe [8] also found that cooling an unconfined sample from a higher
compaction temperature to a lower testing temperature caused a decrease
in the residual pore water pressure. The cooled sample should also ex-
perience lesser pore pressures during shear [l6]. Thus, for identically
prepared samples (compacted at the same water content and temperature
with equal compaction efforts), the sample then tested for strength at a
lower temperature would have a higher strength than one tested at a high-
er temperature.
Noble and Demirel [IT] consolidated clay slurry samples at differ-
ent temperatures and then tested them for shear strength at temperatures
equal to or less than the consolidation temperature. The test results
indicated that (for a given test temperature) the higher the temperature
at the time of consolidation, the higher the shear strength. It must be
noted that another factor, void ratio, is involved here. The higher
consolidation temperatures are associated with lower final void ratios
for samples consolidated with a given total stress.
These data also lend support to the results of Laguros [6] who observed
an increase of shear strength with increasing temperature for samples
where compaction and testing were performed at the same temperature.
For samples consolidated at the same temperature, Noble and Demirel
found that the undrained shear strength increased with decreasing test
temperatures
.
Sherif and Burrous [l8] studied the effects of temperature on the
shear strength of saturated cohesive soils for a temperature range of
75 F to 150 F. They found that for a constant water content and preshear
consolidation temperature (75 F), an increase in testing temperature re-
sulted in a reduction in undrained shear strength. Also, for the same
temperature difference, they observed that the magnitude of the decrease
in the original strength (that strength measured at the consolidation
temperature, 75 F) increased as the initial water content decreased.
Sherif and Burrous attributed the decrease in strength with increasing
temperature to an increase in pore pressure caused by the decrease in
density of the water surrounding an individual particle.
As emphasized in Table 1, the literature appears to be in agreement
on two temperature effects
:
1) for soil prepared at one temperature and tested at another
temperature, undrained strength is lower for those samples
tested at the higher temperatures;
2) for soil in which the testing and preparation temperatures are
the same, the strength will be larger for the higher temperatures.
Therefore, there is an interaction between the amount of energy im-
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perature at which this energy is applied, the temperature at which the
soil is tested, and the resulting strength. Still another factor in
this interaction which has not been considered in any detail is the
initial water content.
This is a complicated four factor relationship which is further
complicated by considering the interactions of the various levels of
these factors. Such interactions are more conveniently analyzed by
statistical analysis. The analysis of variance (ANOVA) is utilized in
this research to investigate these interactions.
The Effect of Temperature on Strain and the Elastic Modulus
Using a visco-elastic model (Figure 1) consisting of an independent
Hookean spring (E, ) connected in series with a modified Kelvin element
(composed of a Hookean spring (E
?
) with a slider and dashpot ) , Murayama
[7] showed theoretically that the elastic moduli E and E decreased
with increasing temperature. The validity of associating the model para-
meters E and E with the true elastic modulus E of real soil depends
upon the authenticity of the model. Hence, any conclusions concerning
the E-temperature relationship also depend on the validity of the model.
Murayama [7] plotted initial axial stress data against initially
applied strain data obtained from a plastometer (by which a constant
axial deformation can be applied and the responding axial stress can be
measured) for stress relaxation tests on Osaka Marine clay at different
temperatures. He called the slope of the initial straight line portion
of the curve E, and observed that E decreased with increasing temperature.
Murayama and Shibata [19] reported that a given total stress pro-
duced larger percent strain at higher temperatures. Thus, the scii





Eo SLIDER a DASH POT
FIGURE I . MECHANICAL MODEL OF
THE CLAY SKELETON (AFTER
MURAYAMA [7] ).
results of Noble and Demir*
.
The absence of available literature on this su'c, : e:t suggests that
it has not been studied to any sizeable degree. The elastic modulus
is commonly used to predict the initial or constant volume settlement
L3
of foundations. It may also be useful to predict the relative flexibil-
ity, i.e., tendency to crack, of compacted subgrades and embankments.
For the latter reason, the elastic modulus and secant moduli were experi-
mentally interpreted in this study.
The Influence of Structure on the
Behavior of Cohesive Soil
Lambe [13] postulated that for a given compaction effort, the
structure of a clay would become more dispersed as molding water content
increased. For a soil compacted at the same molding water content with
different compaction efforts, Lambe visualized that the soil compacted
at the high compaction effort would have a more dispersed structure.
Seed and Chan [20] found that kaolinite compacted to a more floc-
culated structure (water content less than optimum) has steeper stress-
strain curves and attained a larger peak stress at lower strain than did
kaolinite compacted at water contents greater than the optimum water
content. Therefore, variation in water content and compaction effort
affect the moduli of a clay as well as its strength.
This study will theorize from statistical implications whether or
not the temperature at which a soil is compacted affects its structure.
Seed and Chan, as a result of consolidated-undrained tests on
kaolinite found that a flocculated structure would be more rigid than a
dispersed structure and consequently for a given total stress the more
flocculated structure would develop lower pore pressure than a more
dispersed structure. However, at high strains they found that samples
with more flocculated structures developed about the same pore water




The first phase of the soil preparation procedure consisted of mix-
ing the predetermined constituents, No. 285 Ottawa Sand and Edgar Plastic
Kaolin together at their air dry vater contents (approximately 0.255 and
1.5/& for the sand and clay respectively). This was accomplished at room
temperature (approximately T2°F) in a one cubic foot capacity single speed
Porter Mixer (Figure 2). Before starting the mixer, 5000 gms . of the
soils were placed in the mixer, maintaining a 80$-20$ kaolin-sand ratio
by weight. Less than 5000 gms. were actually needed for the samples to be
prepared. It was found, however, that mixing less than 5000 gms. resulted
in a soil that was heterogeneous with respect to the distribution of
sand and clay particles; this was ascertained by noting the variation in
color of the mix.
The dry sand and clay were mixed together for a period of 10 minutes
.
Figure 3 indicates how compositional homogeneity varied with mixing time.
This curve was produced by mixing a known weight of glass bails of approxi-
mately 0.5 mm diameter with the air-dry commercial kaolin. After mixing
for an indicated time, four samples of about 100 gm. were taken from
four different points in the mixer. Two samples were taken from
different depths of the mix (near the surface and near the bottom) at
opposite corners of the mixer, and the other two samples were taken at
the two different depths near the center of the mixer. The ratio of

































glass beads by weight of each sample was compared to that of the entire
mix.
After the ten minute "dry" mixing period, water was dripped into the
mix, by hand, from a 100 ml. graduated cylinder over a ten minute period.
Some water was lost by evaporation and some was inadvertently spilled on
the side of the mixer and on its blades; this water never became part of
the mix. Thus, the amount of water to be added was preweighed to produce
a water content 1—2% higher than that desired in the mix batch.
After water was added, there followed an additional ten minute wet
mixing period. During this period any soil that stuck to the blades of
the mixer or to its sides was scraped off with a spatula. Selected
sampling from various parts of the mixer showed little variation of the
macroscopic moisture content throughout the mix. Thus, the total thirty
minutes of preparation period produced an essentially homogeneous mix.
Soil which had a water content of 23$ or more formed gross aggrega-
tions in the mixer; the maximum size of the aggregations increased with
the magnitude of the water content. In order to break down these aggre-
gations, all batches of the soil were passed through a Victorio Producto
Strainer shown in Figure h. The strainer attachment having 3/l6 inch
diameter holes was used. If the water content were 23% or higher, "rods"
of soil would form as the soil emerged from the strainer. These "rods"
were prevented from forming by continually scraping the strainer attach-
ment with a spatula as the strainer handle was turned. The result was
a soil having 3/l6 inch maximum size aggregations.
Water content samples were then taken from various points in the
mix. The soil was stored in shallow steel pans wrapped in polyethylene
FIGURE 4 . THE VICTORIO PRODUCTO STRAINER
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plastic bags. The pans were stored at the desired compaction temperature
for 2*4 hours.
If the water content of the soil were within t . 5/5 of the desired
water content, the soil was ready for compaction. Batches outside these
water content limits were wasted.
It was found that by storing the soil in shallow pans the soil
attained the ambient compaction temperature within 2h hours. This made
it possible to compact the soil immediately after the 2U hour period,
and this was done.
Three temperatures of compaction and strength determination were
used in this study. The 35°F and 55°F temperatures were attained in a
walk-in cold room which was accurate to ± 1.5°F of the temperature set-
ting.
A constant 85 CF temperature was maintained in a different room.
Heat was supplied to this room and the temperature was held within i 1°F
of 85°F.
Compaction
Kneading compaction by means of the Harvard Miniature compaction
equipment (shown in Figure 5) was used to produce soil specimens. The
compaction efforts were chosen so as to produce densities comparable to
some fraction of the maximum density produced by the Standard AASHO Com-
paction Test (ASTM, D-698; AASHO T-99) . Kneading efforts for soil at
85°F that produced approximately 93, 95 and 98% of maximum Standard
AASHO dry density were selected. These results were achieved with the
following number of layers - number of applications per layer - spring
constant combinations: 5-20-20; 5-20-30; and 5-25-^0, respectively. The
FIGURE 5 . HARVARD MINIATURE
COMPACTION EQUIPMENT.
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30 pound spring condition was produced by precotrpressing a 20 pound serine.
The sides of the compaction mold were lubricated with a silicone
grease and the top of each soil layer was scarified before the succeeding
layer was compacted. This practice reduced the moisture-density varia-
tions in the samples, and prevented them from failing alone a horizontal
plane between layers during unconfined compression.
After being extruded from the Harvard Miniature mold, the sample was
weighed and placed in a It inch x 2 inch x 8 inch polyethylene plastic
sandwich bag. The samples from one batch (a maximum of 30) were placed
in a larger polyethylene plastic bag (12 inch x 8 inch x 30 inch), sealed
and submerged for 5 days in American White Oil (USP 31) at the tempera-
ture at which testing was to proceed.
A five day curing time was selected for samples because there is
evidence of a change in strength during the first few days after com-
paction. It is believed that there is a tendency for the sample to swell
as it is extruded from the compaction mold. This induces negative pore
pressures in the water near the boundaries which are larger than those
already present in the partly saturated soil. The effective stress is
increased locally, and there is an increase in strength. The water, how-
ever, seeks an equilibrium with time and the negative nore pressures
equalize. The measured strength appears to decrease with time as shown
by the data in Figure 6. For the soil used, a 3 day minimum curing time
was required, but 5 days was selected for convenience.
Lambe [8] noted that removing a sample from the mold in which it
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FIGURE 6 . VARIATION IN UNC0NFINED




Unconfined compression testing was performed on cylindrical samples
produced by the compaction procedure. The samples were tested in a
Geonor triaxial cell designed for samples with cross-sections of 10 3q.
cm. This was done to provide lateral support for the piston between the
top of the sample and the 300 pound capacity proving ring. This lateral
support was necessary if the ends of the sample were not exactly parallel;
this was the case for a small number of samples
.
Load was supplied by a Model 56 Wykeham Farrance Compressive loading
device of 1 ton capacity, and at a constant rate of ram movement. Axial
displacement was measured every 20 seconds with a Federal dial gage,
Model C8IS-C, graduated to 0.001 inch. The unconfined compression test
apparatus is shown in Figure 7.
The displacement rate selected was 0.03 inches per minute. Lambe
[21] recommended a strain rate of 0.5-2.0 percent per minute for the
unconfined compression test. The 0.03 inch per minute rate gave a strain
rate of about 1 percent per minute for the soil used in this study. The
time to failure varied from 2.5 minutes for high compaction effect - low
water content samples, to 21 minutes for low compaction effort - high water
content samples.
After each sample was tested to failure, a water content determina-
tion was made.




The soil used in this study was a mixture of Edgar Plastic Kaolin
(Edgar Plastic Kaolin Company) and No. 285 crushed Ottawa sand (Ottawa
Silica Company). These soils were mixed together as described previous-
ly to produce a soil which was 80% Kaolin and 20% Ottawa sand by weight
.
Descriptions of the two constituent soils and the resulting mixture
are presented in Table 2. Figure 8 is a grain size distribution
curve of the two soils and their mixture.
Table 2
Results of Identification Tests on the
Constituent Soils
Identification Test
Edgar Plastic No. 285 80% Kaolin
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ANALYSIS OF EXPERIMENTAL RESULTS
Experimental Results
A grand total of 5^0 samples were prepared and tested in accordance
with the procedures described previously. The physical characteristics
of these samples and the results of the testing are fully presented in
the Apt endix. These results of testing represent the raw data for the
analyses which are described below. This entire study was predicated
upon a statistical foundation for the analysis of the experimental
raw data.
Statistical Analyses
The Analysis of Variance method (ANOVA) was the procedure used in
this study. This procedure is an arithmetical process of breaking down
a total statistical variance into its component parts. The ANOVA
method is discussed in most statistics texts (for example [22, 23, 2t])j
therefore, a detailed discussion of ANOVA will not he necessary.
An ANOVA Model T, the fixed effects model, was used in this study.
It was a complete factorial model with partial nesting. The four
factors (independent variables') considered were compaction effort, water
content, compaction temperature, and (strength) testing temperature.
Three different compaction efforts, four water content levels per com-
paction effort, three compaction temperatures and three testing tempera-
tures (35°F, 55°F, 85°F) were used. The four levels of water content
28
were not the same for each compaction effort because the water contents
were related to the optimum water content for each compaction effort.
Thus the water content factor was nested in the compaction effort factor,
Table 3 indicates the water content levels that were used with
each compaction effort level.
Table 3
Water Content Levels Used with
Compaction Effort Levels
Compaction Effort Water Contents {%)
5-20-20* 23 25 27 29
5-20-30 21 23 25 27
5-25-40 20 22 2k 26
* 5 layers - 20 tamp applications per layer - 20 pound spring
The model assumed for the Analysis of Variance is described by


















i =1,2,3 (compaction factor levels)
j = 1,2,3,4 (water content factor levels)
k =1,2,3 (compaction temperature factor levels)
1 = 1,2,3 (testing temperature factor levels)
1. The response of the soil at high water contents precluded the use
of values much wetter than the optimum.
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= 1,2,3^,5 (replicates)
= true mean effect
0.,.* = true effect of J
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= the numerical value of that observation defined by the




= true effect of the mth repetition of the (i.jkl)
th
treatment combination.
This model assumes that u is a constant and that the t, ,, , areijklm
normal and independently distributed (NID) with zero mean and constant
standard deviation, o (homogeneity of variances).
The model assumes a completely randomized design. In such a design,
the treatments are assigned to the experimental units completely at
random. This assumption was not satisfied in this research because of
practical physical limitations in the prosecution of the experiments.
A single constant temperature room was used for both the 35°F and 55°F
compaction and testing temperature levels. It took 2h hours to effect
a temperature change in this room. In addition, a 5-day sample curing
period was required. Thus, a completely randomized program would have
required an impractical length of time considering that 120 samples were
to be treated. It is now recognized that a more nearly randomized
procedure could and should have been used.
The non-full-randomization induces a concern in the analysis that
the time-wise progression of the testing produces its own major influence
on the results. A detailed analysis of some representative data was
made. The large variations which are noted in the data are seemingly
not the result of non-randomization, but rather are likely inherent to
the experimental procedures themselves. This observation suggests it
<
is possible to use AUOVA results with some confidence in the resulting
statistical inferences. However, the fact that full randomization was
not performed must be included in the appraisal of the relationships
obtained.
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The assumptions concerning independence and normality of errors
are functions of randomization of treatments and it is known that the
treatments were not applied at random in the experiment.
The raw data in their basic form did not satisfy the homogeneity
of variance requirement. A common logarithmic transformation (to the
base 10) of all the data was made with the expectation of making the
variances more homogeneous than before. The variance within a cell
(5 replicates) was much less than the variances between cells. A
possible reason for this is that due to the length of time required
to accomplish this study, more than one laboratory assistant was used
in the compaction process. Evidently a laboratory technician could
reproduce his own work with little variation, but variations between
different technicians was larger. Consequently, the effects of
replications were negligible and complete homogeneity was impossible
to obtain.
Ostle [23] gives three reasons for having replications in
statistical experiments, but dueto the difficulties mentioned above
the replications in this study only allowed a more precise estimate
of the mean effect of any factor to be obtained.
The ANOVA procedure essentially tests a series of hypotheses con-
cerning the equality of certain mean values and variances between
various cells of the statistical model. A type I error, a = 0.05,
was used for this study. This error is the rejection of an hypo-
thesis when it is actually true; the value of a is then the probability
associated with making this error.
Six dependent variables were considered in the study: dry
density (Yd h unconfined compressive strength (q ); strain at failure
(e_); initial tangent modulus; secant modulus to the peak stress;
secant modulus to one-half the peak stress. Figure 9 shows graphically
the definition of the last five of these variables. The curve in this
figure does not pass through zero because of a correction applied to
some of the stress-strain curves. This correction was necessitated
because of sample disturbance which occurred when the samples were
trimmed before they were ejected from the Harvard miniature mold.
The result of this disturbance was that samples exhibited large
strains that were not commensurate with initial small stresses. This
condition corrected itself as the stress increased and the strain
became proportional to the stress. In the correction procedure the
straight line portion of the stress-strain curve was extended until
it intersected the stress ordinate as shown in Figure 9.
For each of the dependent variables an ANOVA was performed to
determine which of the independent variables and their interactions
were related significantly to the variable. The Scheffe' method [25]
of making comparisons among treatment means was used. This method
indicates whether or not there is a significant difference between
the means of a dependent variable resulting from different levels of
a factor.
Statistical Results
The results of the ANOVA for each of the dependent variables are
shown in Tables U through 9. Because of the non-randomness of the
33
UNCONFINED COMPRESSIVE STRENGTH = 13,800 PSF
1250 STRAIN
FIGURE 9 . A TYPICAL STRESS - STRAIN CURVE
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data, the mean square of the highest-order interaction [factors 23
in 1 for y and factors 23^ in 1 for the remainder] was used as the
denominator in the F-ratio, instead of the mean square of error, when
testing for significance.
Because factor 2 (water content) was nested in factor 1 (com-
paction effort), 2 in 1 was used as a source of variation when testing
for significance. Similarly, factors 23 in 1 and factors 2U in 1 were
also used as sources of variation (factor 3 is compaction temperature
and factor k is testing temperature).
In Table h, Factor k (strength testing temperature) does not
appear because it could physically have no influence on the dependent
variable, Y^.
d
Each of the Tables '+ through 9 indicates the results of the tests
for significance. It remains for later discussion to attempt an
explanation of the physical meaning of the relations.
kl
DISCUSSION OF RESULTS
Effec ts on Dry Density
The factors which significantly affected the dry density, y , were
compaction effort, water content, and compaction temperature. Con-
trasting the three levels of the compaction effort factor indicated
that there was no significant difference between the 5-20-20 level
(5 layers - 20 tamps /layer - 20 pound spring) and the $-20-30 level.
There was a significant difference between the $-20-20 and $-2$-U0
levels and between the $-20-30 and $-2$~Uo levels.
Figure 10 depicts the dry density - water content curves for the
three kneading compaction levels considered in this study as well as
that for the Standard AASHO test (ASTM D-698; AASKO T-99).
This plot indicates that the $-20-30 and $-2$-i+0 kneading compaction
levels give larger dry densities than the $-20-20 level (as well as
somewhat smaller optimum moisture contents). One should expect this
but the statistical techniques indicate that the differences are
significant.
The second independent variable, water content, also had a signifi-
cant effect on the dry density. However, no contrasts could be made
for this factor because water content was nested in the compaction
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FIGURE 10 . THE MOISTURE- DENSITY
RELATIONS FOR FOUR COMPACTION EFFORTS.
••:
The temperature at which the soil was compacted was also signifi-
cant. The analysis indicated that there is a significant difference
between the 35°F and the 85°F levels of compaction temperature; the
higher temperature generally was associated with a higher dry density.
This increase of dry density with increasing compaction temperature
was so gradual that contrasts revealed no significant difference in
dry density for soil compacted at 35°F vs. 55°F and for soil compacted
at 55°F vs. 85°F.
Figure 11 shows the dry density - water content relationship for
soil compacted at the same kneading compaction level but at different
soil compaction temperature levels. The maximum dry density increases
and the optimum water content decreases as temperature increases. Thus,
increasing the compaction temperature is analogous to increasing compac-
tion effort. It should be possible to compensate for lower densities
obtained at lower compaction temperatures by increasing the compaction
effort.
It should be noted from Figure 11 that the same dry density of
89 pcf was attained at the three compaction temperatures , but that the
water content required to produce this density increased with decreas-
ing temperature. Thus, one would expect that the structure of the soil
at this density would change with the compaction temperature; the lower
temperatures should be associated with a more dispersed structure than
the higher compaction temperatures. These differences could cause an
appreciable difference in the response of the soil to subsequent loads.
Figure 11 indicates that the effective compaction effort (i.e.,
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FIGURE II . THE EFFECT OF COMPACTION
TEMPERATURE ON THE MOISTURE - DENSITY
RELATION.
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with decreasing temperature. There is either much loss of input energy
to other phenomena or the soil skeleton has become more rigid and re-
quires more energy to deformation.
As the study of the literature indicates (Table 1, page 10), lower
pore pressures are induced by shear of the compacted soil at a given
water content as the temperature decreases. The kneading compaction
process is essentially a shearing phenomenon; it thus is consistent to
expect that lower compaction temperature will produce lower densities for
the same compaction procedure.
Effects on Unconfined Compression Strength
The significant factors affecting the unconfined compressive strength
variable, a , are compaction effort and water content. Although the
compaction temperature and testing temperature factors showed no signi-
ficance when considered as single factors, the interaction of compaction
temperatures and testing temperatures was significant. In such cases,
Scheffe [2U] concluded there is_ a difference in the dependent variable
(a ), but that when the effects of one factor are averaged over the
levels of the other, no difference of these averaged effects is demon-
strated.
Contrasting the three levels of compaction effort revealed a sig-
nificant difference in strength between all three levels.
1. All samples were tested at the compacted water content, i.e.,
there was no simulation of an increase of water content such
as normally occurs in the service environment.
U6
The compaction effort - compaction temperature interaction .:
that for a given level of compaction temperature, an increase in the
compaction effort resulted in an increase in strength. For a riven
compaction effort level, q appeared to increase with increasing compac-
tion temperature; however , the increases were not larp:e enough to be
statistically significant at the a = 0.05 level.
The compaction temperature - testing temperature interaction had
a significant effect on the unconfined compressive strength. Contrast-
ing revealed (for samples compacted at 85°F and then tested at the 35°F.
55°F, 85CF testing temperature levels) that the samples tested at 35°F
had significantly higher unconfined compressive strengths than those
tested at 85°F. However, this increase was so gradual with temperature
that there was no significant difference in strength either between
those samples tested at 35°F and 55°F or for those tested at 55°F and
85°F.
The effect that various factors and interactions have on the un-
confined compressive strength is interwoven with the effect that these
same factors and interactions have on the dry density. That the dry
density variable has an effect on the unconfined compressive strength
becomes evident when the compaction effort factor is considered. As
mentioned previously, contrasts revealed no difference with respect to
Y, between the two lower compaction effort levels. The 5-20-3C level
appeared to produce larger dry densities than the 5-20-20 level but
this effect was not statistically significant. However, there was a
significant difference in a between these same two compaction effort
levels. This indicates that a statistically insignificant increase
I»7
in dry density can cause a significant increase in unconfined compressive
strength.
Some of the significant effects of the compaction temperature-teatine:
temperature interaction on the unconfined compressive strength are due to
the dependence of dry density on compaction effort. The higher compaction
temperature will produce a higher density at a given water content. It
will also produce a higher degree of saturation, and presumedly a more
dispersed structure, a higher residual pore pressure and a higher pore
pressure change during shear. These factors exert opposite influences on
undrained strength, but the experimental evidence shows that the density
factor apparently prevails. Thus, for samples compacted at different tem-
peratures and tested at a common temperature, strength increases with in-
creasing temperature of compaction.
For those samples compacted at the same temperature but tested at
different temperatures, the trend in strength seems to correspond with the
assumed trend in soil pore water pressure with temperature. Cooling a
sample creates lower (more negative) pore pressures than already exist
t
in a partially saturated soil. The pore pressure increases during shear
would also be lower for the cooler samples. Thus, one would expect higher
strength to be associated with the lower testing temperatures for samples
compacted at a common temperature.
Figures 12, 13 and ik are three-dimensional representations depicting
the dry density-water content-unconfined compressive strength relation-
ships. The three compaction effort levels and their associated water con-
tents are included in each of the three figures. For the three figures





FIGURE 12 . THE UNCONFINED











FIGURE 13 . THE UNCONFINED









FIGURE 14 . THE UNCONFINED







varies from figure to figure. These plots indicate that althour-
densities for the two lower levels of compaction effort are only Blig
different, the resulting unconfined compressive strengths are significantly
different.
Figure 15 is a plot of unconfined compressive strength vs. water con-
tent. Lower testing temperatures are generally associated with higher
strengths, although this may not be statistically significant for those
data plotted in this figure. As mentioned previously, contrasts reveal
only that there is a difference in the means due to different levels of
a factor when the means are averaged over all possible combinations of
levels of the factor. Thus, individual factor level combinations selected
for plotting may not all indicate that the contrasts are significant when,
in fact, they are significant.
Effects on Strain at Failure
The significant factors affecting the strain at failure, e in the
unconfined compressive strength test were compaction effort, water con-
tent, and compaction temperature. The significant interactions were
paction effort - compaction temperature, compaction effort - testing
temperature, water content - testing temperature, and compaction effort -
compaction temperature - testing temperature.
Contrasts revealed significant differences in the strain at failure
between all three levels of compaction effort. The magnitude of strain at
a given density on the dry side of optimum decreases with increasing com-
paction effort, as a consequence of a more flocculated fabric, a lower
degree of saturation and lower pore pressure. It should be noted that the
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FIGURE 15 . THE EFFECT OF TESTING
TEMPERATURE ON THE UNCONFINED
COMPRESSIVE STRENGTH.
higher compaction effort levels vere associated with lover water contents.
There was also a significant difference in t between the 35 C F and
the 85°F levels of compaction temperature. Smaller strains were
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associated with the higher compaction temperatures. This increase of
e_ with decreasing compaction temperature was so gradual that contrasts
revealed no significant differences in e between neither the 35°F and
55°F levels of compaction temperature nor between the 55°F and 85°F
levels.
The compaction effort - compaction temperature interaction showed
an increase in e with decreasing compaction temperature. This effect
is thought to be a result of the dependence of density and, hence,
soil structure on the temperature at the time of compaction.
The analysis of variance also indicated that for a constant com-
paction effort, the strain at failure decreased with decreasing testing
temperature. This relationship was not statistically significant for
the highest compaction effort level (5 layers - 25 tamp applications/
layer - ho pound spring); this suggests that high compaction efforts
can overshadow any testing temperature effects. This is further
testimony to the importance of the dry density variable as it affects
other dependent variables.
Effects on the Initial Tangent Modulus
The initial tangent modulus, as defined in Figure 9, has as its
significant factors compaction effort and water content. There were no
significant interactions for the tangent modulus. Contrasts revealed a
significant difference in the tangent modulus between all three levels of
compaction effort. The modulus increases with increasing compaction
effort.
Although contrasts could not be made for the water content factor
levels because of the nesting problem, the data suggest that the tangent
modulus decreases sharply at high water contents. Figure 16 shows the
effect of compaction effort and water content on the tangent modulus.
It should be noted that the magnitude of the tangent modulus increases
to the second level of water content (for the two lower compaction
effort levels) and then decreases sharply. This sharp decrease occurs
at a water content about one or two per cent greater than the optimum
water content for their respective compaction conditions. A line of
constant dry density also appears on this figure. The water content
required to attain this density (80.5 pC f) increases with decreasing
compaction effort. It can be inferred once again that the structure
of the soil at this water content becomes more dispersed with decreasing
compaction effort. As the tangent modulus is a manifestation of the
ability of the soil to resist small strains, it is expected that the
soil with the most nearly dispersed structure should have the lowest
tangent modulus. This is the case in Figure 16. As the soil structure
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FIGURE 16 . THE EFFECT OF COMPACTION
EFFORT AND WATER CONTENT ON THE INITIAL
TANGENT MODULUS.
Effects on the Secant Modulus Measured to a
The secant modulus measured to q is the ratio of the unconfined
compressive strength divided by the strain at failure. This modulus,
then, is dependent on two variables discussed previously. It was
treated as a separate variable in this study so that its statistically
significant factors and interactions could be analyzed.
The significant factors affecting this secant modulus (defined
in Figure 9) are compaction effort and water content. Although neither
the compaction temperature factor nor the testing temperature factor
seemed to be significant when analyzed separately, their interaction
was statistically significant. Therefore, for the same reason mentioned
earlier with reference to the unconfined compressive strength variable,
it is concluded that both of these factors have a significant effect
on this modulus.
Additional interactions having a significant effect on this
variable include compaction effort - compaction temperature, compaction
effort - testing temperature, and compaction effort - compaction
temperature - testing temperature.
Contrasting the means of this modulus showed that there was a
significant difference between levels 1 and 2 and levels 1 and 3 of
the compaction effort factor. The modulus increased with increasing
compaction effort.
The data revealed that for samples compacted at 85°F, the lower the
testing temperature the greater the secant modulus measured to q.
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-This relationship was not significant for the 35°F and 55°F levels of
compaction temperature.
Contrast also indicated that for a given compaction temperature,
there was a significant difference (an increase) of the modulus between
levels 1 and 2 and 1 and 3 of the compaction effort factor. Similar
results were obtained for the compaction effort - testing temperature
interaction.
Figure IT shows the effect that testing temperature and water
content have on this secant modulus. It indicates that (for soils com-
pacted at the same effort, temperature, and water content), the modulus
decreases with increasing testing temperature. It is noted that the
rate of this decrease increases with decreasing temperature; the 'final"
secant modulus value is obtained at lower water contents for soil
tested at higher temperatures. It is further noted that the secant
modulus is practically the same, regardless of testing temperature,
at the 26 per cent water content level. These observations are not
surprising when one considers that variations in this modulus reflect
the decrease in unconfined compressive strength with increasing water
content, and increase in strain at failure with increasing water content
At high water contents, the effect of testing temperature is completely-
overshadowed by the dual effect of water content on strain at failure
and unconfined compressive strength.
5lOr
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EFFORT: 5 LAYERS, 20 APPLICATIONS/LAYER, 20 LB. SPRING
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FIGURE 17 . THE EFFECT OF WATER CONTENT
AND TESTING TEMPERATURE ON THE SECANT
MODULUS TO PEAK STRESS.
59
Effects on the Secant Modulus Measured to o 12\
The significant source of variation for this modulus, which is
also illustrated in Figure 9, are the compaction effort and water
content factors and the water content - testing temperature interaction
in the compaction effort factor. Contrasts revealed a significant
difference in this modulus between levels 1 and 2 and levels 1 and 3
of the compaction effort factor. The modulus increased with increasing
compaction effort. This probably can be attributed to the increase in
dry density due to this factor and to the subseauent increase in
strength and decrease in strain discussed earlier.
Because of the nesting of the water content factor in the compac-
tion effort factor, no contrasts could be made on the other two sources
of variation of this variable. However the data show that the modulus
decreases with increasing water content. At a given water content the
modulus increases with decreasing testing temperature; at high water
content levels, the contribution of the testing temperature factor is
obliterated by the water content.
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SUMMARY
Table 10 is a compilation of those factors and interactions of fac-
tors that had a significant effect on each of the variables considered.
It is seen that the compaction effort factor and the water content fac-
tor are the most fundamental independent variables because they have a
significant effect on each of the six dependent variables. It is felt
that the reason for this is due primarily to the effect these factors
have on the dry density variable, 7,. Varying the levels of compaction
effort and water content not only affects the magnitude of dry density,
but perhaps just as importantly, affects the resulting soil structure.
The soil structure is considered to have an important effect on the other
dependent variables. Thus the dry density as affected by the compaction
effort and water content factors is a fundamental variable which is re-
lated to all of the other variables considered in this study.
The compaction temperature factor had a significant effect on dry
density, the unconfined compressive strength, the strain at failure, and
the secant modulus measured to the peak stress. Because the compaction
temperature significantly affected the dry density variable, it is postu-
lated that this factor also affects the soil structures which in turn
would affect other dependent variables. The data suggest that the
phenomenon of decreasing dry density with decreasing compaction tempera-
ture (for constant compaction effort and water content) can be compensa-
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be expected to effect a consequent (tut not -;e in
unconfined compressive strength.
The testing temperature factor had a statistically significant effect
on unconfined compressive strength and the secant modulus measured to
peak stress. These variables generally increased with dec I -st-
ing temperature except at high water contents where the influence of
testing temperature was inconsequential.
The compaction effort - compaction temperature interactions z.
ficantly affected the unconfined compressive strength, the strain at
failure, and the secant modulus as measured to a variables. It is ex-
u
pected that this interaction also had an effect on the dry density vari-
able which in turn would have affected these variables, but • not
verified statistically. However, small changes in the dry der.-
variable which may not be statistically significant, can result in iarre
changes in the unconfined compressive strength variable. The verity
this is demonstrated in Figure 18 which shows a substantial decrease in
strength with small changes in density and water content.
The interaction of the compaction effort and testing temperature
factors had a significant effect on the strain at failure and or
secant modulus as measured to peak stress variables. For a err
paction effort level the strain at failure decreased with decreasing
testing temperature while the modulus increase i with deer
temperature. These effects are attributed to the soil heiner in a more
dense state as the compaction effort increased and to lower rore
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FIGURE 18 . THE DENSITY - MOISTURE AND
STRENGTH -MOISTURE RELATIONSHIP
The compaction temperature-testing temperature interaction fig
cantly affects the unconfined compressive strength and the secant modulus
as measured to the unconfined compressive strength. Since the compaction
temperature has a significant effect on the dry density variable and
hence the soil structure, it is expected that for a given testing tem-
perature the two dependent variables would increase with increasing com-
paction temperatures. Due to the assumed dependence of pore pressure on
testing temperature, the magnitude of those dependent variables increased
with decreasing testing temperature for soils compacted at a given tem-
perature.
CONCLUSIONS
As a result of this study which examined compaction and strength
characteristics of a kaolinitic soil compacted with kneading type
(Harvard Miniature) compaction and in which certain independent vari-
ables were investigated over pre-determined ranges, the following con-
clusions can be stated:
1) Compaction of the test soil at low (but above freezing) temp-
erature results in changes in undrained strength characteristics as
compared to those for warmer, more conventional compaction temperatures.
The unconfined compressive strength increases with increasing compaction
temperature when all other compaction factors are held constant.
2) Low testing temperatures have a significant effect on the un-
drained strength. For soil compacted under identicai conditions, the
unurained strength increases with decreasing testing temperature.
3) The dry density appears to have an overriding influence on the
other five variables considered. However, the effects of water contents
very wet of optimum could not be established in this stm
M Of the three moduli considered, temperature effects were pro-
nounced only for the secant modulus to peak stress. This modulus is a
ratio of unconfined compressive strength and strain at failure; bo1 I
these variables were affectea by temperature effects.
RECOMMENDATIONS FOR FURTHER STUDY
1. Explanations of the compaction process and the undrained
strength behavior of compacted soils required reference to the variables
of soil structure and pore water pressure, neither of which were moni-
tored in this study. Further studies should incorporate measures of
particulate orientation (fabric J, pore size distribution, and nore fluid
pressures: both as these are residual to the compaction process and as
they are changed during shear. It is noted that recent technolc.
advances have significantly increased the practicality of effectinr
such measurements.
Prior to large scale implementation of cold weather placement
and compaction of highway subgrades and embankments, a greatly increased
store of experimental evidence on the effects of low temperatures is
needed. This should involve laboratory determinations of compact. ive
response, strength and strength parameters, compressibility character-
istics and the like for a variety of soils. Such laboratory evidence
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Llll 80.6 1*890 .0156 595 325 593
81.0 5700 .0135 594 1*28 561
81.0 5910 .0165 592 387 585
79-7 55^0 .0157 738 356 660
80.6 5330 .011*5 515 377 515
L112 82.8 67^0 .0213 623 352 587
82.5 6720 .0196 885 374 879
82.5 6520 .0219 536 312 522
82.2 6300 .0190 565 355 565
82.6 6820 .019^ 622 363 622
A four digit number is used to represent the independent variables.
The first digit represents the compaction effort levels. Its code
is: 1 = 5 - 20 - 20; 2 = 5 - 20 - 30; and 3 = 5 - 25 - 40 (number
of layers - tamp applications per layer - Hookean spring constant).
The second digit represents the water content levels which are













Thus each compaction effort level is associated with four water
content levels.
The third and fourth digits represent the levels c
temperature and testing temperature, respectively.














Code (pcf) (psf) (in/in) (psf (psf
1113 82.0 6260 .0156 81*2 1*60 800
82.8 6870 .0192 7030 375
82.6 61*70 .0151 889 1*1*9 771
82.5 6650 .0163 728 1*31
81.8 6870 .0175 761 1*06 761
1121 81*.
9
7160 .0220 630 329 626
81*.
6
6860 .0210 665 332 665
8U.8 7360 .0232 7Vf 321 7U7
81*. 6870 .0210 690 33* 690
81*. 6860 .0193 870 356 829
1122 85.1 5270 .0231* 1*96 225 496
8U.6 1*630 .0216 1*25 21U 1*25
83.6 1*670 .0232 1*90 212 1*90
83.6 i*7l*0 .0213 51*0 251* 535
83.6 5050 .0205 1+92 262 1*92
1123 86.1 6370 .0293 608 285 600
85.3 5230 .0217 1*18 21*1* 361*
8<*.l* 5190 .0218 530 260 516
81*. 5120 .0238 1*1*9 253 1*1*1*
85.1* 5650 .021*1 505 21*1 505
1131 82.3 7790 .0203 8U2.5 1*1*7 776
83.6 81*80 .0238 780 1*15 760
82.2 6520 .011*9 805 1*89 795
82.5 7730 .0188 1150 518
82.8 6870 .0175 732 1*56 73^
1132 93.5 6680 .0685 586 303.1 bill
93.1 5660 .0538 350 318.1 315
91*. 3 5960 .01*1*3 590 335 47*
91*. 6510 .0690 523 307.3
91*. 2 6870 .0680 1*80 312.5 371
1133 89.1 6590 .0287 527 230 525
88.6 6290 .0295 597 211* 515
88.9 631*0 .0276 1*97.5 230 1*97.5
89. u 5990 .0268 51*5.5 228
89.3 6010 .0250 21*3 529
1211 82.5 5760 .0256 362 238
83.1 6030 .0281* 391 212 391
83.9 6lU0 .0281 597 232
81*. 5880 .0271 1*25 239 329
83.1 5220 .0253 332 199
71
Tangent Secant Modulus ./odulus
Variable Y d \ e f Modulus
(psf)xio"''
to c^ tO :
Code (pcf) (psf) (in/in) (psf;/ (psf 1
1212 85.6 61*60 .0325 601* 213 515
85.5 6370 .0380 1*1*3 175 1*31
85.3 61*20 .031*14 533 200 1*66
85.9 61*20 .0396 619 168.5 569
85.9 6U90 .0377 616 187.5 507
1213 86.5 7710 .0362 670 237 626
87.1 8120 .0352 59** 236
86.3 7390 .0336 650 222 l»3
86.6 76U0 • 0399 1*79 197-5 1*79
86. U 7190 .0376 1*86 201 1*36
1221 86.5 6910 .0366 71*8 210 706
87.6 7870 .0358 763 220 669
88.0 7600 .031*8 730 227 730
87.1 IkkO .0369 752 220 690
87.5 7380 .0353 795 209 708
1222 91.5 5250 .081*7 375 620 225
91.6 1*890 .0717 275 681 215
92.6 5800 .0831 225 61*1 202
92.8 5880 .0861* l*ll* 691 232
92.3 5750 .0833 367 691 201
1223 91.8 5570 .0803 272 691* 26U
91.3 6110 .0718 339 903 289
90.9 5U90 .0595 358 955 308
91.0 5160 .0569 298 907 279
90.9 5220 .0568 330 926 296
1231 86.0 7850 .0289 657.5 26b
86.0 8290 .0312 575 278 566
86.0 8100 .0317 695 271 678
85-6 791*0 .0287 67I4 296 625
85.0 7770 .0291 767 281
•
1232 95.9 7250 .0792 590 170 296
95-9 7370 .0323 510 155 331
95.9 6700 .0632 523.5 166.1 263
95-6 7150 .079** till* 160
95-6 7670 .0881* 1*21* 167
1233 9^.0 6660 .0756 332 680
93.5 6550 .0776 391* 905
93.0 5770 .0553 1*10 109.8
93. U 636O .0621* 1*01 102
93.0 6390 .06U1 1*35 101
72















1311 88.3 6510 .0951 363 68.5 20k
89.0 61*10 .0815 336 78.8 2l*U
88. U 6000 .0826 267 70.1 222
89.0 5910 .0721* 302 81*.
8
21*8
88.1 6360 .07U6 1*72 85.1 320
1312 90.6 6010 .1070 285 5U.6 166.8
90.6 6010 .1070 301* 51*. l* 171
90.0 6120 .0962 1*1*3 63.0
90.0 6370 .1059 1*82 60.1 208
90.0 6090 .1207 309 50.1* 187.5
1313 91.0 65^0 .0915 326 75.1* 279
90.6 6300 .0887 372 75.2 269
90.5 6590 .0810 325 75.0 296
91.2 661*0 .0808 386 85.6 292
89.3 6320 .0817 261 69.5 261
1321 91.1* 6U50 .1008 1*50.5 60.0 131.5
91.3 6U70 .1126 1*61 50.0 125.5
91. k 6950 .1286 1*1*7 1*7.8 107
91.2 6600 .1261 1*1*1.5 1*6.1 128
90.9 6520 .1229 1*71 1*8.0 126
1322 90.9 6050 .1173 308 55.1 135
90.8 5790 .1250 217 1*8.1 1»*6.5
90.6 5950 .121*5 209 1*9.5 156.7
90.0 5950 .1176 2U8 53.3 133
89-9 5960 .1106 2U2 56.1* 163
1323 93.5 1*960 .lUll* 262 35.1 77.5
93.1 **6l0 .1351* 210 3U.1 66.5
93.1 U610 .135*» 210 31*.
1
66.5
93.1 U610 .1351* 210
93.5 1*1*20 .1570 127 29.1* 50.6
1331 37.5 5950 .01*08 U56 161 39.2
88.8 6050 .0631 320 133.5 31.5
88.14 6620 .01*61 3U1 139.5 32.2
68.5 7550 .0558 37** 135.5 35.6
67.8 61*20 .01*8-3 323 131.2 29.1
1332 37.0 UU90 . 1602 88.0 87.7
86.9 1600 .1875 80.8
86.9 U800 .1872 67.1* 6U.
6
U0.3
66. Q 1600 .1875 80.8 ol*. 5
86.9 1*590 .1669 56.1*
.
Tangent Secant Modulus Secant Modulus







__ JpjJf )jclO. f(pcf) Jj>sf) (in/in)
1333 92. k 261*0 .2010 20.6 13.2 23.2
95.5 2590 .1730 23. U 11*.
1
22.2
93.6 2670 .1869 1*3.1 13.1* 26.1
92.3 2610 .1800 36.6 1U.6 25.6
93.0 2520 .1310 1*9.1* i°.l 35.5
lUll 90.2 3810 .1728 38.6 21.2 31. I*
89. k 3U80 .1808 27.8 18.7 27.1
89.2 391*0 .186** 28.1 20.5 27.7
89.5 3UUO .1739 26.9 19.3 26.8
90.0 3180 .11*67 30.0 21.1 29.9
1U12 89.8 3750 .1730 38.0 20.U 32.5
90.0 3970 .2003 37.9 18.0 33.6
90.0 3890 .1865 39.3 19.2 33.5
90.0 3890 .1865 39.3 19.2 33.5
90.0 1+020 .1862 39.5 19.8 3**.0
1**13 90.5 1*110 .1**39 1*3.2 27.2 1*0.7
90.1* 1*100 .161*9 3**.
7
23-1* 33.9




90.3 1+220 .1576 33.7 2U. 5 33.7
90.5 uuo .1918 38.1* 22.0 35.3
1U21 89.2 3550 .1806 25.8 17.5 25.2
89.2 3560 .1876 27.2 17.5 26.2
90.0 3580 .2085 21*.
8
15.8 2U.8
89.9 35*40 .1876 2U.6 17.0 21*.
6
90.0 3620 .19**** 25.9 17.0 25.9
1**22 89.1 3250 .1535 uo.i* 20.6 29.8
89.9 3560 .2016 31.8 16.9 27.2
89.9 3500 .1808 5*».l 18.0 29.1
89.O 3600 .1875 1*0.0 18.1 28.9
90.0 3U60 .1739 50.1 18.1* 29.1*
11*23 89.5 3720 .1591 1*1.5 21.7 35.°
89.5 3750 .1660 1*5.3 20.1* 35.1*
90.5 1*280 .1571* 1*0.7 23.** 1*0.7
90.0 U020 .1582 39-6 21.2 1*0.2
90.5 UlUo .11*38 53.3 2c.
9
1**31 90.0 3980 .2072 29.1 17.9 29.1
90.0 3710 .2011 22.6 17.2 22.6
90.8 3810 .2078 22.1 17.9 22.1
90.0 3710 .2081 26.8 16.9
90.
T
3870 .2006 25.1* 17.7
25.1*
7'.





Modulus to q^ to






1^32 91,6 2520 .1838 70.9 13.7 52.2
91.3 2510 .1838 68.0 14.2 43.2
92.1 2440 .1981 88. 6 13.? U5.3
92.0 2330 .1844 67.0 13.2 57.
e
92.0 2530 .20U9 94.8 12J.
1*33 92.3 1930 .16U0 46.2 13.1
92.3 2120 .1850 39.2 10.9 39.2
92.1 1970 .1855 68.0 11.0 65.5
92.2 1910 .1364 92.9 14.2 90.0
91.7 2l4o .1638 12.2 13.1 55.3
2111 83.2 6460 .0152 1050 636 1050
83.4 856O .0149 897 655 878
84.2 9270 .0183 1050 610 1004
83.5 8410 .0152 869 566 869
83.6 9650 .0173 1050 £15 1050
2112 83.3 8450 .0152 1034 560 1000
83.3 8070 .0144 1100 576 950
83.7 8060 .0110 1160 753 1113
83.7 7390 .0162 1013 476 905
83.9 7600 .0139 1355 575 1130
2113 85.0 8250 .0140 831 620 831
84.5 8610 .0165 789 530 740
84.5 8400 .0170 820 540 820
84.3 7930 .0183 530 ^50 530
84.6 8310 .0190 594 438 594
2121 84.1 9550 .0176 988 541 955
83.5 8650 .0164 807 527 807
83.0 8450 .0152 900 545 900
84.0 8350 .0154 855 590 622
83.4 6650 .0161* 955 550 °55
2122 84.0 9200 .0185 779 590
84.4 9080 .0188 905 530
84.8 9320 .0161 920 581
83.0 7780 .0134 942
83.9 8370 .0137 1044 660 1044
2123 83.8 7980 .0140 830 675 819
83.8 7980 .0140 830 675
83.8 7980 .0140 830 675 619
84.3 7960 .0147 727 554
84.3 8860 .0152 930 63c 930











(pcf) (psf), (in/in) (psf
2131 8U.U 10U3 .0153 1005 695
8U. li 10U3 .0153 1005 695
81*. i* 1060 .018U 1081 686
8U.5 1037 .0221* 777 560
6U.U 10U3 .0153 1005 695
2132 83.3 72**0 .0131 922 657 901
83.3 7050 .0136 92"4 635 857
83.3 761*0 .0138 1015 690 980
83.1 7820 .0168 890 559 839
83.6 7^10 .0196 655 501 655
2133 83. U 7U90 .0159 605 1*70 805
8u.3 8U50 .0152 925 556
83.U 79UO .01U8 9kh 616 889
63.5 7770 .0135 960 606 960
83.2 71*20 .0126 963 672 9U5
2211 82.9 7110 .0186 592 401*
83.5 6**70 .0168 5^6 uoo 1*72
83.5 8180 .019 1* 731 1*31 650
83.1 7660 .0172 685 1*97 685
83.1 7750 .0187 635 1*35 635
2212 66. Y 9790 .0222 92U 1*1*9 921*
86. n 9760 .02»*0 1002 l*l*l 882
86.5 9370 .0250 1230 1*23 1075
86.6 898O .0225 1290 • 1081
86.5 9610 .021*1* 1150 1*09 973
2213 85.5 9<*00 .0197 900 U56 859
85.2 9070 .0188 11U0 U82
85.3 81*70 .0186 7lfc U85
'--
85.2 8330 .0190 723 1*56 719
85.2 9070 .0186 111*0 1*82 1100
88.0 9890 .025^ 1120 1*11 1005
87.1 9350 .0233 12U7 1081
86.8 91^0 .0221 6U7
87. 9260 .0252 857 369
"
87.0 8960 .021*3 1062 369
2222 86. C 93UO .0226 950 906
85.0 9830 .023** 930 U3I*
8U.9 931*0 .0216 1080 l*7i*
85.6 .0225 891* 1*77









Tangent Secant Modulus Secant Modulus













85.6 961*0 .019 1* 930 1*96 930
85.6 961*0 .0191* 930 1*96 930
85. U 9900 .0219 885 1*55 865
85.6 961*0 .019 1* 930 1*96 930
85.5 9870 .0237 829 1*1*2 829
87.7 1279 .0231 1310 630 1310
87.0 1087 .0211 1100 638 1098
86.2 1136 .0250 1300 565 1210
86.9 111*5 .021*8 9UU 515 9U1*
86.9 1122 .0251* 911 511* 901
814.7 7870 .0181* 1025 1*16 818
85.4 8660 .0199 900 »*51 676
814.8 7670 .0189 800 1*96 75*i
85.1 8U90 .0203 81*9 1*72 798
65.8 9790 .020U 1022 507 889
89.1* 1232 .01*15 921* 305 867
89. l» 1119 .0375 851 3U6 812
89.5 1050 .0359 97U 355 925
89.0 1072 .0319 1320 358 1002
89.5 10214 .0331 1250 31*1* 959
86.8 7980 .0355 1*80 236 466
87.0 71*90 .0333 U10 243 1*10
87.8 71*00 .0266 525 268 525
86.5 7560 .0297 Ul»2 262
87.0 79**0 .0267 526 305 526
90.2 8610 .01*1*3 71*0 203 581
89.7 9010 .01*50 701 200 63*
90.1 8770 .0508 539 502
90.0 8920 .0521 532 171 507
90.3 9230 .0548 627 521
90.3 9660 .01*15 9U0 293 631*
90.3 9560 .01*52 810 230 772
90.0 87U0 .0370 915 288 853
90. ii 9170 . 801 220 800
90.3 951*0 .01*88- 339 227
91.0 101*3 .01*99 71*5 213 720
90.5 9670 .ouio 1056 241 863
91.0 9760 .01*81 850 216
90.
u
9290 .0390 720 211 668
90.
U
9550 .01*35 756 220 756
77







(£Cf) <paf) (In/in) (psf)xlO"
3
(pBf)* 1
2322 90.5 11U6 .0532 1056 109 728
90.5 1035 .0570 885 L9l| 6U0
00.
6
9920 .01478 1115 225 939
90.5 10*40 .OU65 783 227
90. U 9510 .0U88 856 212 720
2323 90.1 1077 .0U22 1030 282 025
90. It 1031 .036U 980 313 855
89.6 101U .0368 696 288
89.6 101U .0368 696 288
89.6 9300 .0390 6*4 3 261 625
2331 89.3 1097 .0381 12U0 301 96C
88.0 1038 .0362 1130 308 895
89.1* 1137 .0371 982 31*4 88*4
89.5 1050 .0359 10*46 309 857
88.6 1025 .0*400 91U 259 ^75
2332 91 .2 1180 .OU97 151*5 257 856
91.0 1038 .0396 1290 27** 930
91.0 1066 .0*493 1610 255 1019
91.0 1066 .0*493 1610 255 1019
90.5 1029 .0*4 33 860 258 723
2333 90.7 9980 .OU76 1130 22U 782
91.0 1191 .0*460 3^5 265 735
91.9 11*40 .0*473 1010 251 873
91.0 1170 .OU65 655 266 780
91.2 1198 .Olo? 975 255 807
2l»ll 93.2 8230 .1076 360 77.** 165
92.6 7830 .QQUQ 256 83.5 181
92.1 79*40 .09*46 . 162.5
92.8 7820 . 163 68.4 138
91.1 7600 .0886 300 6C.5 183
2U12 92.9 66.10 • 30*4 .
93.0 661+0 .1399 15**.5 kU.U .
93.0 6690 .1326 2*42 UQ.h 109.5
93.0 6620 .1*400 230 1*6.6 .
93.0 6360 25*4 U7.*4 .
2U13 93.9 7060 .1317 188.5 51.5
.
93.5 7I43O .1099 2*43 67.1
93.5 6970 .1251 159.5
93. U 6360 .116*4 181.5
93.6 6720 .1501 133.5 1*1.5

















2U21 93.1 7130 .1281 133 48.2 100
93.3 6940 .1425 71.3 41.8 69.5
93.0 7520 .1443 71.0 40.3 70.6
93.0 6840 .1498 68.7 40.0
93.0 7380 .131*3 73.4 43.7 73.4
2422 93.4 9870 .0824 495 121 34 3
93.4 9870 .0824 495 121 343
93.2 1061 .0907 635 129.5 430
93.5 9640 .0727 454 135 351
92.5 9130 .0810 386 118.5 331
2423 92.6 9120 .0637 678 155 521
92.0 9330 .0770 570 126 • I
92.6 8820 .0680 473 126.9 407
92.6 9120 .0637 678 155 521
92.0 9370 .0768 518 122.5 454
2431 91.9 5950 .1472 63.0 37.9 57.0
91.9 5520 .1658 57.6 32.1 52.9
02.3 6010 .1383 67.6 36.1 65.2
92.9 5750 .1460 71.2 36.1 64.0
91.5 5460 .1469 61.8 34.7 57.5
2432 95.0 1274 .0644 970 209 628
94. 6 1252 .0650 648 198 551
94.2 1293 .0673 1010 203 589
94.3 1145 .0575 750 216 525
95.1 1237 .0585 765 224
2433 90.7 9980 .0476 1300 22U 782
91.0 1191 .0460 8U5 265 735
91.9 1140 .0473 1010 251 873
91.0 1170 .0465 855 268 780
91.2 1198 .0492 975 255
3111 89.3 1257 .0202 Q14 648 914
88.7 1319 .0204 984 680
88.6 1333 .0200 1225 747
88.5 L412 .0214 1230 70Q 1230
87.9 1181 . 020.5 885 610 885
3112 88.0 1348 .0179 1680 753
1530
88.4 1294 .0193 1645 730
153C
88.4 1286 .0195 1445 824
1445
88.4 1265 .0166 2170 780
1740
88.4 1294 .0193 1645 730 1530












(pcf) (psf) (in/ in) (psf)xlO
-3
(pjf)xlO"''
3113 89.0 137»» .022U 901* 6U0 885
88.9 1259 .0202 1085 681* 1085
88.6 1253 .0186 967 706 967
88.5 1215 .0213 793 615 793
89.0 1336 .0217 962 662 962
3121 87.
2
IIU9 .0195 1037 730 1037
87.1* 1165 .0171* 1300 830 1256
87.5 1335 .0183 1UU0 855 lUUo
87.0 1163 .0157 151*0 981 151*0
86.8 1270 .0182 1200 81*5 1200
3122 88.1* 1299 .0192 1315 71*3 1315
88.0 1361* .0210 .570 685 11*70
88. U 1U20 .0195 1700 780 1700
88.
U
1336 .0182 191*0 791* 1730
88. k 1U00 .0200 2130 71*5 1670
3123 88. h 1292 .0191* 1110 72U 1110
88.1* 1315 .0222 91*0 61*2 9**0
88.3 131*3 .0180 1650 8U2 IU10
88.5 11*02 .0200 11*25 801* 1370
88.3 13**3 .0180 1650 8U2 11*10
3131 88.5 1U03 .023H 981* 711 981*
88.2 1355 .0178 11*10 885 li*10
88.5 131*8 .0179 1170 800 .
88.1* 1U19 .0213 1155 800 1155
88.9 1582 .0189 11*85 91*5 ll*80
3132 90.8 1310 .0292 71*5
toh
90.3 1058 .0371* 630 298 628.7
P0.3 111*5 .0231 1230 521 1021
88.9 1155 .0236 859 520 859
90. u 9280 .0356 1*9** 256 500
3133 90.9 1323 .0251* 860 529
90.0 1525 .0373 835 1*27
90.6 11*11 .0253 665 500 653
90.5 139£ .0270 917 5**2
825
90.8 1188 .0220 1008 580 912
3211 91.3 1531 .0270 1555
668 .
91. u 1380 .0257 1200
1200
1165
91.6 ll*46 .02U0 1550 710
91.9 160** .0285 15**0 fc05
91.5 1U01 .023** 1528
71*1*
BO





Modulus t0%i to q 12u
"ode (pcf) (psf) (in/in) (psf)xlO
-3
(psfJxlO"^ (p«f)xlO"'3
3212 94.0 1526 .OU75 1430 359 1150
93.6 1498 .0449 14 30 376 ll80
93.9 li*65 .0457 721 344 721
93.5 1506 .0446 1260 358 1110
94.0 1511 .0445 835 342 835
3213 91.0 1U63 .0253 840 606 840
91.9 1607 .0284 1300 577 1233
91.9 1601 .0269 1315 656 1272
91.5 1649 .0257 1250 703 1243
91.0 1533 .0269 1007 575 921
3221 89.3 1420 .0212 1305 819 1305
89.2 1362 .0210 1435 - 811 1425
89.2 1377 .0189 1310 781 1310
80.3 1362 .0210 1241 767 1230
88.9 1188 .0185 1131 76U 1131
3222 91.9 1488 .0349 1190 440 1190
92.0 1488 .0315 1530 519 1310
92.0 1429 .0261 1990 560 1500
92.0 1394 .0270 1840 561 1485
91.9 1366 .0277 1430 521 1310
3223 92.5 1601 .0286 1595 581 1395
91.9 1492 .0228 1590 673 1535
92.3 1548 .0265 2010 615 1615
91.9 1380 .0274 1825 554 1620
91.5 1397 .0270 1775 533 1580
3231 91.1 1409 .0278 1190 527 1155
91.6 1758 .0297 1569 624 1540
92.0 1638 .0243 1S65 705 IU45
92.2 1721 .0289 1446 627 1446
92.3 1730 .0304 1990 635 1778
3232 89.2 1206 .0404 846 306 725
68.5 1318 .0461 954 204 820
89.1 1275 .0421 1080 319 871
89.1 1213 .0368 820 324 78U
89.2 1214 .0419 1283 292 860
3233 89.0 1233 .0449 768 30 4 717
88.9 1226 .0399 1080 304 800
89.0 1173 .04 30 988 280 710
89.2 1256 .0443 703 294 724




















Lp.cU_ (pBf) (in/in) (paf)xlO"3 KlO"3 (pif)x]
9**.
2
1601 .01*90 10U0 358 •
93.5 1559 .0501 1111 31*1
9^.0 1571* .0U80 1910 352 111*5
9<*.l 1530 .0525 910 312
93.9 1U87 .0502 1098 311
91.9 1590 .0306 1695 568 11*1*5
91.0 1U88 .0281 2270 592
91.0 1U9U .0313 2050 506
91.5 1U67 .0286 1688 51*0
91.0 IJ488 .0281 2270 592 1575
9**.0 1526 .01*75 11*30 359 1150
93.6 IU98 .OUQ 11*30 376 1180
93.9 IU65 .01*57 721 31*** 721
93.5 1506 .01*1*6 1260 358 1110
9^.0 1511 .01*1*5 835 31*2 835
93. U 131*0 .0521* 71*5 266
93.5 1**35 .0567 1082 282 881
93.6 1367 .0517 953 2
X
83
93.7 1393 .0510 1155 293 833
93.7 13*»9 .0555 1138 285
•
93-6 1357 .01*85 1028 285
?U.O IU5I* .0528 883 281 821
9^.0 1366 .01*83 1230 325 ooU
93.9 1372 .0U8l 1570 30O
9**. 2 135** .Ofc86 89l» 200 7c0
oU.O 1317 .0161 1160 323
qou
9U.6 1U89 .01*85 153S 329
9I4.O l!*68 .OU56 1171 333
Qi*.3 1U31 .0531* 1595 303
9U.8 1U06 .01*38 021
Qn.J 1536 .0575 861
93.8 1506 .051*9 1515 300
1015
9U.2 ll»5fc .0555 005 278
^3.5 ll»21 .0523 300
9<*.3 11*27 .0535 •656 285
98.2 1386 .0255 17°0 572
98.0 1373 .0309 191*5
98.5 1372 . 0293 £ -'UC 531*
98.6 1319 .0289 17 UO
1*80
98.1 1319 .0279 1635
1*93
Tangent Secant Modulus : ModuJ
Variable Yd % C f Modulus to q to q -
Coae ipcf) (psf) (in/ la) (psf)xl(T
3
3333 9**.6 1027 .0606 630 182.5
9**.7 1163 .0742 685 171 UU2
95.1 1097 <0553 750 211* 572
9**.
8
1073 .0663 871 170
95.0 1196 .0596 1220 235
31*11 95.0 7910 .0877 2U8 .
95.0 8290 .0867 272 89.1* 176.5
95.0 8120 .0803 262 10.1
9U. 77**0 .0813 125.5 81.8 125.5
9**. 5 81*70 .0966 212 86.1 11*7
3U12 95.0 91O0 .0836 382 125 269
95.1 98UO .0790 58U 132 300
9*».5 9320 .080«4 l*2t* 116 256
9U.6 9210 .0773 122 288
9<*.5 9700 .0794 1*98 12U.
6
269
3**13 95.0 8100 .0664 U6U 129.8 303
95.1 9050 .0950 282 91.8 18U.5
95.1 8850 .0713 598 131 366
95.1 8120 .0733 3U8 113.8 283
95.1 9330 .0908 U22 103 277
3**21 93.9 8240 .01^2 186 80.0 13**
9U.1 8720 .0959 2**2 91.0
9**.
3
8U10 .1037 231* 81.1
9«».U 8250 .0972 199 8U.1 139
9**.3 8U10 .1037 23** 8l.l - .
3**22 93.0 10U0 .0586 QOQ 177.5 4O0
93.6 loot* .0578 745 201
93.5 1058 .0632 103 178
93.6 1135 .071*9 616
93.2 1131 .0716 707 in Z.00
3U23 ou.3 1155 . 600 202
Q3.5 1017 .01*71 710 271
93.3 1135 .061*6 786 -
93.3 1138 .071*9 715 598
93.1 ll6l .067U. 61*5 ?o u . 5 U89
3l»31 °u. 0270 .091*1* 217 97.
4
94.0 8660 .080 5 3i*7 112
91*. 8750 .0820 286 110 200
ou.o 95UO .0971 211 97.0 170
9**. 9070 .0811 31U 108.5 210
Tangent Secant Modulus




Code ipcf) (psf) (In/in) (psf;
1
3^32 9»*.9 1187 .0735 976 177 .
5
9^.6 1171 .0671 675 *«90
9^.9 1090 .0589 602 193
95. fc 1119 .0616 1355 199 525
95. i* 1119 .0616 1355 199
3U33 93.1 2870 .1159 108 2U.8
93.0 3110 .1U69 85.0 21.2 1*3.9
93.0 3630 .1629 166 22.8
93.3 3890 .1375 98.0 •'9.1
93.1 3220 .1325 95.9 25.5


